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Abstract 
Evacuation modelling has traditionally been limited to prior analysis of the geometrical design of spaces. This approach is limited 
by the number of scenarios that can be tested. A scenario-independent evacuation model would rely on real-time information 
processing. This approach allows the generation of an optimum evacuation strategy that minimises evacuation time and crowd 
density, and is tailored to the current situation at hand. This paper describes the requirements and development of such a crowd 
model. Graph theory and network flow heuristics are combined with agent movement, based on the individual determination of 
speed by meso-scale density assessment. 
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1. Introduction 
In general, buildings often have to satisfy certain safety standards, for example guidelines such as BSI (2008), 
NFPA (2012), and IMO (2007). Different methods of assessing such compliance can be considered. At the very 
basic level, a number of measurements can be taken and hand calculations can determine the width required for 
corridors, doors or escape routes, based on fixed values. However, this simplistic approach often assumes an even 
distribution of exit usage that is unlikely to occur in reality. For a number of years, evacuation simulations have  
 
 
* Corresponding author. Tel.: +44-1565-658-440;  
E-mail address: Paul.Townsend@CrowdDynamics.com 
*This author has been funded with support from the European Commission. This publication reflects the views only of the author, and the 
Commission cannot be held responsible for any use which may be made of the information contained therein. 
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
-review under esponsibility of Department of Transport & Planning Faculty of Civil Engineering and Geosciences 
Delft University of Technology
  o     i   ( 2014)
551 Paul Simon Townsend /  Transportation Research Procedia  2 ( 2014 )  550 – 558 
 
 
Fig. 1. eVACUATE system concept 
been used to analyse the evacuation of building designs in much greater depth (Cabinet Office, (2010)) For example, 
they can determine the evacuation time of a given number of people in a building, predict congestion during such an 
evacuation and test different scenarios of use (Pauls (1987, 1988), Kuligowski and Peacock (2005)). However, these 
models are limited by the number of scenarios that can be run. Evacuation time, congestion etc. is dependent on 
many variables such as location and nature of threat (Still (2007)). 
Recently, with the advent of smart spaces, sensor networks and greater computing power, the ability for such 
models to be able to simulate live situations has become a possibility (Aydt, Lees, Turner and Cai (2014)). 
Integrated with live data feeds of certain crowd parameters, such feedback can aid situational awareness and 
influence evacuation strategies. 
eVACUATE1, is a holistic, scenario independent, situation awareness and guidance system for sustaining the 
active evacuation route for large crowds. It allows a forecast of crowd movement during an evacuation to be 
provided to decision makers. Data from sensors is processed and used by the crowd model to predict congestion and 
evacuation time. Time-dependent route optimisation is then undertaken, which minimises these variables to provide 
an optimum strategy for the specific scenario at hand. The generalised eVACUATE system concept is shown in Fig. 
1. 
This paper describes the research towards the crowd modelling element of eVACUATE, considering the 
requirements for practical use of the crowd models in the situational awareness system, contextual definition of 
quasi-real-time, model structure, validation and optimisation of route choices. 
2. Requirements and Definitions 
Within the eVACUATE project, a number of requirements have been developed, with influence from potential 
end users, and industrial partner expertise. These include the following: 
 
 
1 The research leading to these results has received funding from the European Union’s Seventh Framework Programme (FP7/2007–2013) 
under grant agreement number 313161 (eVACUATE), http://www.evacuate.eu 
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x Link to live sensor data or fused data 
x Feedback congestion prediction based on current situation 
x Feedback to be provided in close to real-time 
x Determine optimum evacuation routes (based on distance, time, congestion) 
 
The system architecture or details on provision of information or data fusion from sensors is not covered in this 
paper. The requirements for the modelling elements are addressed below. 
2.1. Feedback Congestion Prediction 
Here, it is assumed that initial parameters for the model, such as building geometry, flow rates and live data from 
sensors is available and has been used to initiate a simulation that runs to completion. Feedback from the model is 
required to show: 
 
x Predicted evacuation time 
x Crowd density periodically over evacuation 
x Crowd speed periodically over evacuation 
 
Predicted evacuation time is given per simulation run. Crowd density and speed are provided over a pre-defined 
period. Such a period is customisable in the models, but a baseline has been determined at 1 minute. This means that 
snapshots of density and speed as predicted by the model are provided for every minute during the simulated 
evacuation. 
2.2. Feedback to be provided in close to real-time 
In simulation terms, ‘real-time’ is defined to be the simulation speed matches real-time. i.e. 1 second of 
simulation time is completed in 1 second of real-time. However, this speed of computation is clearly not useful for 
providing a prediction that can increase situational awareness during a crisis. It is the output of the simulation that 
would ideally be provided in real-time to the control room operatives. Given the complexity of an evacuation 
simulation, there is an expected feedback period that is acceptable to the control room. Therefore, feedback is 
provided as quickly as possible in ‘quasi-real-time’. This means ‘almost real-time’, but should be defined 
specifically for each venue. 
This period will differ for different venues, but a benchmark speed has been defined such that the simulation 
should run at a minimum of 30x real-time. This means that a 10 minute simulation can be computed in 20 seconds. 
In reality, faster computational speeds have been achieved. As a general benchmark for this paper and non-specific 
venues, quasi-real-time is defined to be providing feedback within 20 seconds of a request from the user. 
2.3. Optimum Evacuation Routes 
The simulation is required to optimise the evacuation strategy of the venue to the current situation. This means 
that a general evacuation strategy, where routes are pre-defined, often needs to be changed dynamically during an 
evacuation due to the unfolding situation. For example, a certain route is blocked due to a particular threat;  
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Fig. 2. Example evacuation network of a multi-level cruise ship, nodes are represented as spheres of fixed radius. 
unevenly distributed crowds across the venue leads to blocked exits and re-routing is required etc. The evacuation is 
then directed by the best judgement of control room operatives and decision makers. A system that could optimise 
the evacuation given any particular situation would clearly be of benefit. Therefore, the model is required to output 
the ‘optimum evacuation route’ for each area in the venue. 
It is noted that finding a truly optimum solution to the problem would be extremely difficult. In fact, many such 
problems like the Vehicle Routing Problem and Travelling Salesman Problem are known to be NP-complete in 
combinatorial theory. In practical terms, such a precisely defined optimum is not required. The solution found must 
be easily implemented by dynamic information provision and the direction of staff on the ground. Therefore discrete 
algorithmic methods are employed to find the ‘best available’ solution. It is this solution that we henceforth refer to 
as the ‘optimum’. 
3. Model Structure 
3.1. Model Definition 
The modelling space is ȳ ه Թଷ. ȳ is an arbitrary network, defined by a weighted graph ܩఈ ൌ ሺܸǡ ܧሻ where ܸis a 
set of vertices (1), ܧ is a set of edges (2) and there is an associated functionߙǣ ܧ ՜ Թ on the edges. This is hereby 
referred to as the ‘evacuation network’ or ‘network’ (Fig.2.). 
ܸ ൌ ሼሺ࢜ǡ ܽሻȁݒ א Թଷǡ ܽ ه Թଶሽܽ ൌ ൜ ܿ݅ݎ݈ܿ݁݋݂ݎܽ݀݅ݑݏݎǡݎ א Թݎ݁ܿݐ݈ܽ݊݃݁݋݂݄݄݁݅݃ݐ݄ܽ݊݀ݓ݅݀ݐ݄ݓǡݎ݋ݐܽݐ݅݋݊ߠ (1) 
ܧ ൌ ሼሺݑǡ ݒǡ ݓǡ ݈ሻȁݑǡ ݒ א ܸǡݑ ് ݒǡݓǡ ݈ א Թǡ ሽ  (2) 
ݓ ൌ ݌݄ݕݏ݈݅ܿܽݓ݅݀ݐ݄݋݂݁݀݃݁ǡ݈ ൌ ݈݁݊݃ݐ݄݋݂݁݀݃݁ 
Agents are represented by a singular three-dimensional location. There is no notion of physical body space of 
agents in the model. This means that the computational code that approximates the model can be threaded so that 
each agent can process their next move in parallel to a number of other agents. 
Feedback from the eVACUATE system provides the location of crowds spread across the network. This data is 
gathered from combined sensor data and interpolated data where sensors cannot be located. The model then starts an 
evacuation procedure defined by a Finite State Machine (FSM). The FSM is the intelligence of the model that 
instructs agents to travel to certain vertices. Vertices will be normally be defined as exits, but, in certain 
circumstances, evacuees will travel via other nodes to a fixed or closest exit point. An example of this is found in  
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Fig. 3. Example finite state machine in simple form 
some cruise ship evacuations where passengers will travel to their cabins to retrieve their life jackets before heading 
to a muster station. An example of a finite state machine is shown in Fig.3. 
The actual movement of agents to each decision point in the finite state machine is based on the mesoscopic 
movement and routing principles outlined below. 
3.2. Mesoscopic movement 
The speed of movement at any time is calculated by measuring density in a localised space. The space in which 
density is measured is created arbitrarily by defining ‘bins’ along the length of an edge. These bins are given an 
arbitrary minimum length and the edge is divided into bins of this length. Any ‘end’ bins that may be smaller than 
the minimum defined length are amalgamated into the conjoining bin along the edge. A vertex is classed as one bin. 
Therefore, it is clear that each bin has an area that can be calculated. 
As agents move through the model space, they move from bin to bin. A count is kept of each bin as to how many 
agents are inside at any time. Therefore, the density of a bin can be calculated. In fact, the mesoscopic model 
calculates an agent’s current density, ߩ, as a weighted representation of the density of an agent’s current bin, ߩ଴, and 
the 3 bins in front of it, ߩଵǡ ߩଶǡ ߩଷ(3). The calibrated values are given in (4). 
ߩ ൌ ܽߩ଴ ൅ ܾߩଵ ൅ ܿߩଶ ൅ ݀ߩଷ  (3) 
ܽ ൅ ܾ ൅ ܿ ൅ ݀ ൌ ͳǡ ܽ ൐ ܾ ൐ ܿ ൐ ݀ǡ ܽǡ ܾǡ ܿǡ ݀ א Թା 
ܽ ൌ ఴభఱǡ ܾ ൌ  రభఱǡ ܿ ൌ  మభఱǡ ܾ ൌ  భభఱ  (4) 
Each agent is given a maximum speed, based on a normalised distribution. An agent will move at this speed in 
low density. As soon as the density reaches a threshold value, the agent calculates its speed based on a speed-density 
curve. In fact, any speed-density curve can be implemented in the model, but two main curves are used as defaults, 
derived from Fruin (1971) and Weidmann (1993). The empirically derived equations from these two data sets are 
shown below respectively in (5) and (6), where ݏ௔௩ is the average speed of the agent’s current bin. 
ܨݎݑ݅݊ǣݏ௔௩ ൌ െͲǤͲ͹ͳͻͶߩଷ ൅ ͲǤʹʹ͹͹ߩଶ െ ͲǤͷ͵Ͳͺ͵ߩ ൅ ͳǤͶͳͺͻͷ (5) 
ܹ݁݅݀݉ܽ݊݊ǣݏ௔௩ ൌ ͲǤͲͲʹʹߩହ െ ͲǤ Ͳ͵ͺ͸ߩସ ൅ ͲǤʹ͵͹ߩଷ െ ͲǤͷͶͺߩଶ ൅ ͲǤͲ͵Ͷͳߩ ൅ ͳǤ͵͵Ͳ͵ (6) 
The individual agent’s speed is calculated based on a normal distribution with ߤ ൌ ݏ௔௩ , ߪ ൌ ͲǤͳ. 
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 Fig. 4. Example output of relative density showing higher density in red, low density in blue 
3.3. Routing 
Routing is achieved macroscopically before the simulation commences using Dijkstra’s algorithm (Dijkstra 
(1959)) and can be then be updated periodically through the simulation if required. ߙ can be defined to be any cost 
function. However, the function used as a default to determine the path taken through the network is given in (7). A 
route map is created in the form of a lookup table from each node to each possible destination as defined in the 
FSM. The velocity of an agent is calculated using the speed determined by the mesoscopic density assessment and 
the direction towards the location of the next node.  
ߙሺܧሻ ൌ ܧ௟ ͳǤ͵͸ െ ଴Ǥସଵா೙ σ ߩҧሺ
ா೙
௜ୀଵ ܧ௜ሻ൘
   (7) 
ܧ௟= edge length 
݊ = number of bins in edge 
ߩҧሺܧ௜ሻ = average density of bin over t seconds, t is an arbitrary constant over all bins 
 Outputs 
The model is capable of producing statistics on flow rate across each bin, the density in each bin and aggregating 
data across multiple bins, which aids the display of complicated information to a control room operator. This is done 
in xml format across a pre-defined time period, t. Every t seconds, a snapshot of current density and speed of all bins 
across the network is aggregated into proportional sections defined for each edge. An example heat map output of 
density across a network is shown in Fig. 4. Emergent behaviour is shown for the edges approaching the central 
cluster of stairs, such that higher density is seen approaching a bottleneck at the top end of the edge. 
Further outputs from the simulation show the predicted time to hit certain stages of the finite state machine for all 
agents. For example, all agents have reached the exit points (this is overall evacuation time).  
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Fig. 5. Visual representation of test network with agents (purple = eastbound, green = westbound) 
 
Fig. 6. Test network measuring flow rate against density 
4. Calibration and Validation 
The model has been validated against the empirical flow/density curves of Fruin and Weidmann using the flow 
rate output along each bin of the model. Flow rate is measured across the central edge which has a width of 10m. 
Varying entry flows to the edge were introduced to determine a spread of densities and flow rates. The flow rate and 
density are taken to be the average over 60 seconds of simulation time to mimic how the empirically derived curves 
are measured in reality (Fig. 5, Fig. 6). 
To check that a smaller sample of average density still averaged around the speed/density curve, flow was 
averaged over N seconds of simulation time (N = 5, 10, 15, 20, 30, 60).  This is confirmed in the graph shown in 
Fig. 7, measured against a polynomial curve derived from empirical data. As the time period used to gather data 
shortens, the greater the dispersion is around the empirical curve. As the density increases, it is clear that the error 
values above and below the curve are less accurate for each test. Both these phenomenon are to be expected when 
one considers the range of values in the empirical data sets used to construct such curves, for example in 
experiments performed by Zhang and Seyfried (2012). 
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Fig. 7. Comparison of flow output from network test model against Fruin data 
4.1. Validation of quasi-real-time feedback 
Agents are parallel processed in batches, with the batch size being defined per network from a single agent to all 
agents in the network at any time. This allows for the model to be calibrated for specific networks to increase the 
computational speed of the model.  
Therefore, the speed of simulation could potentially be increased further through calibration of the batch size, bin 
size, simulation movement step time. Network simulations were run using a laptop with specification: Intel® 
Core™i7 4700MQ 2.40GHz; 8GB 1600MHz DDR3; NVIDIA® GeForce® GTX 765M. Values of batch size 5, bin 
size 1.5m, and 1/3 seconds per movement step were used. Due to the highly parallel nature of the computational 
code for the mesoscopic model, an increase in RAM, speed of processor, and/or number of processing cores would 
increase the computational capability of the model even further. The requirement for quasi-real-time feedback is 
satisfied by the current models, without extensive calibration and on a high-end non specialist laptop. This is shown 
for varying numbers of agents constantly being simulated for a 10 minute period in Table 1. 
Table 1. Computational speed of network simulation for varying agent numbers 
Number of Agents Time taken for a 10minute 
simulation (secs) 
Equivalent average speed 
(x real-time) 
1,000 1.9 316 
2,000 1.9 316 
5,000 2.9 207 
10,000 3.9 154 
25,000 7.1 85 
50,000 13.5 44 
5. Optimisation of Evacuation Routes 
As previously defined, the ‘optimum evacuation route’ is not a strictly optimum, but a route that is calculated 
based on trying to minimise evacuation time and congestion over the routes of a network. Currently, a constraint is 
applied, such that only one direction is taken at any decision point. This means that, where a truly optimum solution 
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may require the use of two or more routes from a waypoint, only one is followed by the agents. This restriction may 
be lifted for certain venues if such a strategy can be implemented on the ground, although it is believed that this 
would require complicated management of staff to facilitate such a strategy and may be counter-productive to the 
overall evacuation. 
This work is in its early stages, although an iterative process is currently being used to implement an ‘all or 
nothing’ assignment of routing where the cost function (7), uses the densities stored from the previous iteration to 
calculate the route costs. Future routing algorithms will seek to reduce the number of iterations before a suitable 
evacuation time is obtained by using a localised or global density avoidance heuristic, combined with the cost 
function from the previous iteration. Another possibility is to start the iterative process without the need to run 
agents through the model for the first N iterations. It is thought that a combination of these techniques will enable a 
faster convergence towards an optimum solution, providing quicker feedback to the control room. 
6. Conclusions 
Evacuation model development is progressing from the traditional pre-analysis of buildings in design stages. 
Simulation models have been built that can provide live feedback to control room operators and decision makers in 
quasi-real-time. Such models rely on the timely provision of sensor data, data fusion and a highly computationally 
efficient evacuation model. It has been demonstrated that the mesoscopic model presented meets the base criteria 
defined in terms of model validation of crowd movement and for quasi-real-time feedback.  
It is intended that this model will be developed further. The next steps are to study how best to obtain optimised 
routes through the venue within the defined quasi-real-time feedback period; and the inclusion of other mesoscopic 
or microscopic models that provide a less coarse assessment in areas where the graph theory and mesoscopic 
movement approach is not ideal (for example large rooms with complex geometry). It is clear that the modelling 
system within eVACUATE has made excellent progress towards live simulation, fast computational feedback and 
that the software produced meets the requirements of a number of potential users of the system. 
The model is set up such that it can be expanded to different modelling techniques, allowing the combination of 
macro-, micro- and meso-scopic models within one framework to potentially provide more accurate predictions, 
more customised network setups for any type of venue. 
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